Metformin is among the most widely prescribed drugs for the treatment of type 2 diabetes. Organic cation transporter 1 (OCT1) plays a role in the hepatic uptake of metformin, but its role in the therapeutic effects of the drug, which involve activation of AMP-activated protein kinase (AMPK), is unknown. Recent studies have shown that human OCT1 is highly polymorphic. We investigated whether OCT1 plays a role in the action of metformin and whether individuals with OCT1 polymorphisms have reduced response to the drug. In mouse hepatocytes, deletion of Oct1 resulted in a reduction in the effects of metformin on AMPK phosphorylation and gluconeogenesis. In Oct1-deficient mice the glucose-lowering effects of metformin were completely abolished. Seven nonsynonymous polymorphisms of OCT1 that exhibited reduced uptake of metformin were identified. Notably, OCT1-420del (allele frequency of about 20% in white Americans), previously shown to have normal activity for model substrates, had reduced activity for metformin. In clinical studies, the effects of metformin in glucose tolerance tests were significantly lower in individuals carrying reduced function polymorphisms of OCT1. Collectively, the data indicate that OCT1 is important for metformin therapeutic action and that genetic variation in OCT1 may contribute to variation in response to the drug.
Introduction
Metabolic syndrome and its pathological sequela, type 2 diabetes, have become major health problems in the world. The biguanide metformin is widely used as a first-line therapy for the treatment of type 2 diabetes (1). In addition, the drug has recently been implicated in the treatment and/or prevention of fatty liver diseases and polycystic ovary syndrome (2, 3) . Metformin ameliorates hyperglycemia by reducing gastrointestinal glucose absorption and hepatic glucose production and by improving glucose utilization (1) . The molecular mechanisms underlying metformin action appear to be related to its activation (phosphorylation) of the so-called energy sensor AMP-activated protein kinase (AMPK), which suppresses glucagon-stimulated glucose production and causes an increase in glucose uptake in muscle and in hepatic cells (4, 5) . The activation of AMPK may also be responsible for the improvement of lipid metabolism by metformin (4) . Recently, serine-threonine kinase 11 (STK11/LKB1), which phosphorylates AMPK, has also been reported to be involved in metformin effects (6, 7) .
However, despite the extensive clinical use and the recent research progress, the mechanisms underlying the therapeutic effects of metformin are still not well known. Metformin has been well characterized in vitro as a substrate of organic cation transporters (OCTs), including the liver-specific OCT1 and its paralog, OCT2, a transporter expressed in abundance in the kidney (8) (9) (10) (11) . Compared with wild-type mice, Oct1 -/-mice have reduced metformin distribution to the liver (11) ; however, it is not known whether this reduced uptake corresponds to a reduction in the therapeutic effects of metformin that occur following AMPK activation, including the lowering of blood glucose levels.
Genetic polymorphisms in drug transporter genes have been increasingly recognized as a possible mechanism accounting for variation in drug response (12) . In previous studies, we and others showed that human OCT1 is highly polymorphic in ethnically diverse populations (13) (14) (15) . Using model substrates, it was shown that a number of nonsynonymous polymorphisms of OCT1 exhibit reduced activity in cellular assays. However, the clinical significance of the OCT1 variants has not been investigated. Since response to metformin is clinically variable (16, 17) , it is possible that polymorphisms in OCT1 contribute to this variation.
In this study we tested the hypothesis that the cellular uptake of metformin represents the first step in its activation of AMPK. In particular, as the liver is a primary target of metformin action (1), we hypothesized that OCT1 is required for the therapeutic effects of metformin. Furthermore, we examined the effects of nonsynonymous OCT1 polymorphisms on metformin uptake and response in cellular assays. Finally, the clinical effects of metformin in oral glucose tolerance tests (OGTTs) were compared in individuals with and without reduced-function variants of OCT1.
Results

OCT activity is a determinant of metformin response in cell lines.
To understand whether OCT1 plays a critical role in defining metformin's pharmacological effects, we first studied the effects of metformin in cells with conserved AMPK signaling pathways but different levels of OCT activity (Figures 1 and 2 ). 5-Aminoimidazole-4-carboxamine-1-β-d-ribofuranoside (AICAR), an AMPK activator, stimulated AMPK phosphorylation and glucose uptake in rat hepa-tocyte-derived Clone 9 cells (5) . These cells retain OCT activity as demonstrated by the expression of Oct1 gene (data not shown) and the uptake of the typical substrate 1-methy-4-phenylpyridinium (MPP + ) and metformin with and without an OCT inhibitor (Figure 1A) . In contrast, 3T3-L1 adipocytes, an established model for studying AMPK signaling pathways (18) , exhibited negligible Oct expression, which was apparent only in highly differentiated 3T3-L1 cells (data not shown), and little OCT-mediated uptake ( Figure  2A ). Although the cell-permeable AICAR stimulated the phosphorylation of AMPK and acetyl-CoA carboxylase (ACC), an AMPK target, and glucose uptake in both cell lines (5, 18) , metformin caused markedly different responses. Metformin stimulated the phosphorylation of AMPK and ACC and glucose uptake in Clone 9 but not in 3T3-L1 cells ( Figure 1 , B and C, Figure 2B , and data not shown). Furthermore, whereas AICAR inhibited lipid accumulation during 3T3-L1 differentiation as assessed by oil red O staining (19) , no such effect was observed for metformin ( Figure 2C ).
Since differences in metformin responses between Clone 9 and 3T3-L1 cells may have been due to differences between the cell types unrelated to OCT activity, we compared metformin-stimulated AMPK activation in cells transfected with human OCT1 versus control (empty vectortransfected) cells. The accumulation of metformin was time dependent and substantially increased in cells stably transfected with human OCT1 (HEK-OCT1 cells) ( Figure 3,  A and B) . AMPK activation by metformin was significantly greater in HEK-OCT1 than in empty vector-transfected cells (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI30558DS1). When cells were exposed for 1 hour to metformin (250 μM), the phosphorylation of AMPK and ACC were apparent in HEK-OCT1 cells, with little activation in control cells ( Figure  3C ). The data support the hypothesis that OCT1 modulates metformin-stimulated AMPK phosphorylation.
Oct1 deletion results in reduced metformin uptake and response in primary mouse hepatocytes. In an effort to understand the role of OCT1 in metformin action in the liver, a key target for metformin (1), we used gene targeting to construct an Oct1-knockout (Oct1 -/-) mouse (Supplemental Figure 2) . Consistent with the study of Jonker et al. (20) , our Oct1 -/-mice appeared to be healthy. As expected, metformin uptake in primary mouse hepatocytes was significantly lower (3.4-fold; P < 0.0001) in Oct1 -/-cells compared with those in cells with a functional Oct1 allele (Oct1 +/-and Oct1 +/+ hepatocytes) ( Figure  4A ). Importantly, phosphorylation of AMPK and ACC by metformin was substantially reduced in Oct1 -/-hepatocytes in comparison with those in wild-type hepatocytes ( Figure 4B ). Quinidine, an OCT inhibitor, decreased the phosphorylation of AMPK and ACC by metformin in wild-type hepatocytes ( Figure 4C ). Downstream, metformin-stimulated AMPK phosphorylation results in a decrease in hepatic gluconeogenesis (4, 7) . Metformin (1 mM) significantly suppressed glucagon-stimulated glucose production in hepatocytes from wild-type mice (30% suppression; P < 0.001) but not in hepatocytes from Oct1 -/-mice ( Figure 4D ). Collectively, these data are consistent with those from the cell lines and suggest
Figure 1
OCT activity and metformin responses in Clone 9 cells. (A) Clone 9 cells exhibit OCT activity, as demonstrated by significantly reduced uptake of the typical OCT substrate MPP + (1 μM) and metformin (250 μM) in the presence of the OCT inhibitor quinidine (100 μM; white bars) versus those without quinidine (control; black bars). The uptake times were 2 minutes for MPP + and 10 minutes for metformin. The percentage uptake of the control was used to normalize the results for the 2 compounds in the same figure. # P < 0.001 versus respective controls (2-tailed Student's t test). (B) Metformin (2 mM) stimulated the phosphorylation of AMPK and ACC in Clone 9 cells. The AMPK activator AICAR (2 mM) was used as a positive control. Cell extracts were detected with polyclonal antibodies against phospho-ACC (Ser79), phospho-AMPKα (Thr172), and AMPKα. (C) Metformin increased 3-OMG transport in Clone 9 cells. The cells were treated with metformin (2 mM) or AICAR (2 mM; positive control) for 2 hours before initiation of 3-OMG transport. 3-OMG transport was measured as described in Methods. CB, cytochalasin B. *P < 0.01, **P < 0.05 versus no treatment (ANOVA and Dunnett's procedure).
Figure 2
No OCT activity and metformin responses in 3T3-L1 cells. (A) No OCT activity was detected in 3T3-L1 cells of various differential stages. Uptake studies were done as described for Figure 1A . 3T3-L1 cells were differentiated as described in Methods. The cells for uptake experiments were: (i) preadipocytes; (ii) 3T3-L1 cells differentiated for 5 days; and (iii) 3T3-L1 cells differentiated for 10 days. (B) Metformin (2 mM) had little effect on the phosphorylation of AMPK and ACC in 3T3-L1 cells. The AMPK activator AICAR (2 mM) was used as a positive control. Cell extracts were detected with polyclonal antibodies against phospho-ACC (Ser79), phospho-AMPKα (Thr172), and AMPKα. (C) Metformin (2 mM) treatment during differentiation did not affect lipid accumulation in 3T3-L1 cells, in contrast to the significant effects of AICAR treatment (2 mM). The cellular lipids were stained with oil red O, and lipid content was determined by measuring the OD of the dye extracted with isopropyl alcohol. *P < 0.01 versus 0.05% DMSO (2-tailed Student's t test).
that the effect of metformin on AMPK and ACC in the hepatocyte is modulated by OCT1. Thus, OCT1 appears to play a key role in determining one of the major pharmacologic effects of metformin, inhibition of hepatic gluconeogenesis.
Oct1 deletion results in reduced hepatic accumulation and therapeutic response of metformin in mice. Next, we examined the role of OCT1 in metformin disposition and glucose-lowering effects in vivo. Our results were similar to those of the previous report of metformin pharmacokinetics following intravenous doses (10, 11): we observed that following a single oral dose (15 mg/kg), the plasma concentrations of metformin were similar in Oct1 -/-and wild-type mice ( Figure 5A ) but that the hepatic accumulation was significantly greater in wild-type mice (4.2-fold; P < 0.001; 1 hour after dosing) than in Oct1 -/-mice ( Figure 5B ). No accumulation difference was measured in other major organs (Supplemental Figure 3) . Importantly, after metformin treatment, phosphorylation of both AMPK and ACC was substantially reduced in livers from Oct1 -/-mice compared with those from wild-type mice ( Figure 5C ).
The primary end-therapeutic effect of metformin in the treatment of diabetes is to lower blood glucose levels. To increase fasting blood glucose levels, we fed Oct1 -/-and Oct1 +/+ mice a high-fat diet for 8 weeks. Then mice were treated with either saline or metformin for 5 days. Although no differences were observed in baseline fasting blood glucose levels between Oct1 -/-and Oct1 +/+ mice on high-fat diets, we observed that metformin significantly reduced fasting plasma glucose levels by more than 30% in wild-type mice fed the high-fat diet (P = 0.012) but not in the Oct1 -/-mice on the same diet (Figure 6 ). These data suggest that in vivo, OCT1 serves a critical function in metformin's primary therapeutic effect of lowering fasting plasma glucose levels.
OCT1 polymorphisms modulate metformin uptake and response in cells. Previously, we and others showed that human OCT1 is a highly polymorphic gene (13) (14) (15) . To determine whether OCT1 polymorphisms modulate metformin response, we measured the uptake of metformin in stable cell lines expressing empty vector, OCT1-reference, and 12 OCT1 nonsynonymous variants ( Figure 7A ). Compared with OCT1-reference, 7 OCT1 variants exhibited significantly reduced or lost metformin uptake, despite similar levels of mRNA (Supplemental Figure 4) . Kinetic studies in cells expressing 4 of the reduced-function variants indicated that the decrease in uptake was probably due to reduced V max values ( Figure 7B and Table 1 ). In a previous report, we showed that OCT1-G465R has reduced expression on the plasma membrane (13) . In this study, GFP fusion proteins for OCT1-reference and OCT1-R61C (a very 
Figure 4
Oct1 deletion results in reduced metformin uptake and response in primary hepatocytes from mice. (A) Metformin uptake was lower in the primary hepatocytes isolated from Oct1-knockout (Oct1 -/-) mice than in those with a normal Oct1 allele (Oct1 +/+ and Oct1 +/-). The uptake of metformin (250 μM) was performed for 10 minutes in the presence or absence of 100 μM quinidine, where indicated. *P < 0.01 versus Oct1 +/-without quinidine (ANOVA and Dunnett's procedure). (B) Metformin resulted in less phosphorylation of AMPK and ACC in Oct1 -/-hepatocytes than in Oct1 +/+ hepatocytes. The cellular extracts from primary hepatocytes treated with or without metformin (250 μM) for 4.5 hours were detected with polyclonal antibodies against phospho-ACC (Ser 79), phospho-AMPKα (Thr172), AMPKα, and β-actin. (C) Treatment with the OCT inhibitor quinidine reduced the stimulation of AMPK phosphorylation and thus ACC phosphorylation by metformin in Oct1 +/+ hepatocytes. Where indicated, 100 μM quinidine was added 30 minutes before metformin (250 μM) treatment (Met + quin). (D) Metformin suppressed glucagon-stimulated glucose production in Oct1 +/+ hepatocytes, with no effect in Oct1 -/-hepatocytes. Metformin (1 mM) was added 2 hours before glucose measurement. The primary hepatocytes were isolated and cultured as described in Methods. **P < 0.001 versus no treatment (2-tailed Student's test).
common reduced-function nonsynonymous polymorphism of OCT1) were constructed and expressed by stable transfection in HEK cells. Confocal microscopy revealed that although OCT1-reference showed robust localization to the plasma membrane, OCT1-R61C showed a more diffuse pattern of localization, with some plasma membrane staining as well as marked cytosolic retention of the variant protein ( Figure 7C ). Follow-up studies in this laboratory are currently underway examining the mechanisms responsible for the reduced function of the other less common variants. Notably, the phosphorylation of AMPK and ACC by metformin was reduced in cells expressing the nonfunctional or reduced-function variants compared with those expressing OCT1-reference and OCT1-V408M, a variant with normal metformin uptake ( Figure 7D and Supplemental Figure 5 ). These data from cells suggest that OCT1 polymorphisms modulate responses to metformin. Of significance, polymorphisms of OCT1 with reduced metformin uptake are common in human populations (13) (14) (15) . For example, the allele frequencies of OCT1-420del are 19% and 5% in white and African Americans, respectively, and that of OCT1-R61C is 7.2% in white individuals (13) .
OCT1 polymorphisms affect the response to metformin in healthy volunteers. To extend the cellular studies further, we conducted a genotype-to-phenotype clinical study in healthy volunteers with different OCT1 genotypes. Although the glucose-lowering effect of metformin is not apparent in nondiabetic subjects (21) , this effect can be detected in healthy subjects after plasma glucose levels are increased by administering oral glucose or conducting an OGTT (22) . We observed similar plasma glucose levels and areas under the glucose concentration-time curve (AUCs) after OGTT in volunteers carrying only reference OCT1 alleles and those carrying a reduced-function polymorphism of OCT1 (AUC: 19,800 ± 1,480 versus 19,800 ± 2,520 min/mg/dl; P = 0.955; Figure 8A ). However, after metformin treatment, volunteers carrying the OCT1 polymorphisms had significantly higher plasma glucose levels for most of the sampling time points during the 180-minute OGTT than those carrying only reference OCT1 alleles ( Figure 8B) ; and thus AUC was significantly greater for the volunteers carrying the OCT1 polymorphisms as compared with those carrying only reference alleles (18,200 ± 1,600 versus 21,300 ± 2,290 min/mg/dl; P = 0.004; Figure 8C ). When we assessed differences in glucose AUC with and without metformin for each individual and compared the differences between individuals with reference alleles and those with the polymorphic alleles, we also observed a significant difference (P = 0.001). In particular, metformin produced a significant decrease in the maximal glucose concentration during OGTT in the individuals with only OCT1 reference alleles, whereas the improvement was not significant in the individuals with the variants (Supplemental Table 1 ). Consistent with the difference in glucose levels after metformin treatment, insulin levels in individuals with the variants were significantly higher 2 hours after glucose administration in comparison with those in individuals with only OCT1 reference alleles ( Figure 8D ; P < 0.05). These results are consistent with the data from the mice, further supporting our finding that OCT1 is critical for the therapeutic response of metformin and suggesting that genetic variation in OCT1 may cause variation in response to metformin. A more pronounced effect of
Figure 5
Oct1 deletion results in reduced hepatic metformin accumulation and phosphorylation of AMPK and ACC in mice receiving oral doses of metformin. (A) The pharmacokinetics of metformin was similar in age-matched Oct1 +/+ mice and Oct1 -/-mice after an oral dose. Shown here are blood metformin concentration-time profiles. The mice (n = 4 per group) were given an oral dose of metformin (15 mg/kg containing 0.2 mCi/kg of [ 14 C]metformin), approximating the single dose of 1,000 mg in humans. The radioactivity in blood was determined and converted to mass amounts. Data represent mean ± SD. (B) Hepatic metformin accumulation after an oral dose was much higher for Oct1 +/+ mice than for age-matched Oct1 -/-mice. The mice (n = 4 per group) were sacrificed 1 hour after the oral dose, and the livers were removed immediately. The radioactivity determined in liver homogenates was converted to mass amounts. Data represent mean ± SD. *P < 0.001 versus Oct1 +/+ (2-tailed Student's t test). (C) OCT1 was required for metformin to fully stimulate hepatic AMPK phosphorylation and ACC phosphorylation in mice. A daily dose of metformin (50 mg/kg) or saline was administered i.p. for 3 consecutive days to 10-week-old male mice. The mice were sacrificed 1 hour after the i.p. administration on the third day. Liver extracts were detected with polyclonal antibodies against phospho-ACC (Ser79), phospho-AMPKα (Thr172), and β-actin.
Figure 6
OCT1 is required for metformin to lower fasting plasma glucose levels in mice. The 6-week-old Oct1 +/+ mice and Oct1 -/-mice (n = 5-8 per group) were administered a high-fat diet for 8 weeks, and 18-hour fasting plasma glucose concentrations were measured before (black bars; day 0) and after (white bars) 5 days of i.p. treatment with saline or metformin (50 mg/kg each day). Data represent mean ± SD. *P = 0.012 versus day 0 (2-tailed Student's t test).
OCT1 genotypes on metformin therapy may be expected among diabetic patients, and this is being investigated.
Discussion
In this study, we performed a comprehensive analysis of the role of OCT1 in response to metformin. We began our studies with continuous cell lines from different tissues and transfected cells to investigate whether the pharmacological activity of metformin corresponds to the activity of OCTs. We extended these studies to studies in primary hepatocytes and in vivo in Oct1 +/+ and Oct1 -/-mice. Finally, we performed cellular and clinical studies to determine the effect of genetic polymorphisms of OCT1 in the response to metformin. We observed the following: (a) In the cell lines, by controlling intracellular concentrations of metformin, OCT1 was an important determinant of metformin action. (b) In primary cultures of hepatocytes from mice, eliminating functional Oct1 reduced the response to metformin, and in vivo in mice, OCT1 was required for metformin to therapeutically lower blood glucose levels. (c) In humans, OCT1 polymorphisms modulated cellular and clinical response to metformin. Collectively, our studies suggest that OCT1 mediates the first step in the response pathway of metformin and that genetic variation in OCT1 may modulate response to metformin in humans ( Figure 9 ).
Our results have important implications for the tissue-specific effects of metformin. Although AMPK is ubiquitously expressed (23) , the in vivo effects of metformin have been primarily ascribed to decreased hepatic gluconeogenesis and increased glucose uptake in skeletal muscle, both of which involve AMPK activation Table 1 ). (C) OCT1-R61C tagged with GFP exhibits reduced membrane and enhanced cytoplasmic localization. GFP fusion constructs were generated for OCT1-reference and OCT1-R61C, which is common in human populations (13) , and used to generate stable cell lines using Flp-In-293 cells. The plasma membrane was stained using Alexa Fluor 594 conjugated to wheat germ agglutinin, and cells were visualized by confocal microscopy. Original magnification, ×100. (D) Metformin-stimulated AMPK phosphorylation and ACC phosphorylation in cell lines stably overexpressing human OCT1 and its variants. The cells were treated with metformin (1 mM) for 1 hour, washed with blank medium, and then incubated for 5 hours before harvest. Immunoblots were performed against phospho-ACC (Ser79), phospho-AMPKα (Thr172), AMPKα, and β-actin. (4, 7, 24) . Although direct evidence of colocalization of AMPK and OCTs in a specific cell is not available, we observed that the activation of AMPK by metformin was enhanced in cell lines (or transfected cells) that exhibited OCT activity, suggesting that the tissue-specific action of metformin may be related to expression of influx transporters such as OCTs that can deliver metformin intracellularly. Our results differ from those of Huypens et al., who observed that metformin enhanced AMPK phosphorylation in 3T3-L1 cells (25) . This discrepancy may be related to different experimental conditions. Huypens et al. used high metformin concentrations and prolonged exposure times, which may have enhanced entry of metformin into the cells through passive diffusion, resulting in sufficiently high intracellular drug concentrations for AMPK activation (25) . It should also be noted that there was significant metformin uptake and metformin-independent AMPK activation in Oct1 -/-primary hepatocytes (Figure 4 ). Therefore, while OCT1 may play the major role in metformin uptake and response in the liver, other mechanisms, such as passive diffusion and other transporters, may contribute to response to metformin in the liver and in other tissues. Our studies in Oct1 +/+ and Oct -/-mice (Figures 4-6 ) clearly demonstrated that OCT1 is a major determinant of the hepatic effects of metformin. This transporter-mediated tissue-specific targeting of metformin may restrict the potential for unwanted effects in other tissues. Targeting influx transporters in the liver and skeletal muscle may be important in the design of other antidiabetic agents to treat type 2 diabetes. Further, our studies demonstrate that OCT1 plays a role in the primary therapeutic effect of metformin in lowering fasting blood glucose levels, suggesting that these effects may be mediated centrally in the liver. Previously, Wang et al. observed that OCT1 mediated the major adverse effect of metformin, lactic acidosis, in the liver of mice (26) . We and Wang et al. (11) did not observe a significant difference in levels of metformin in skeletal muscle between Oct1 -/-and Oct1 +/+ mice, suggesting that the uptake of metformin in skeletal muscle may involve another transporter.
Clinically, there is enormous variation in response to metformin, and the drug is generally combined with other agents such as sulfonylureas to treat diabetes. Data from a few clinical trials indicate that greater than 36% of patients receiving metformin monotherapy do not achieve acceptable control of fasting glucose levels (16, 17) . Our data suggest that genetic variation in OCT1 may contribute to variation in response to metformin. In cellular studies, we observed that 7 of the 12 polymorphisms of OCT1 exhibited reduced transport of metformin ( Figure 7 ). It is noteworthy that 2 of the 7 variants, 420del and R61C, are common polymorphisms of OCT1, with allele frequencies of 19% and 7.2%, respectively, in individuals of European descent (13) . Previous studies from this laboratory using the model organic cation MPP + demonstrated that 4 of these 7 variants also had reduced activity (13) . S14F was previously shown to exhibit an increased uptake of MPP + , whereas it displayed a reduced uptake of metformin in this study related to a reduction in its V max for metformin ( Figure 7B and Table 1 ). Two other OCT1 variants, S189L and 420del, exhibited normal uptake of MPP + previously (13) , whereas in this study both variants also exhibited a reduced uptake of metformin, related to a decrease in their V max values ( Figure 7B and Table 1 ). These data underscore the findings in the metaanalysis of Urban et al., who showed that transporter polymorphisms may interact differently with different substrates (27) .
Our data showed that the OCT1 variants and reference have similar levels of mRNA transcripts in the stable cell lines (Supplemental Figure 4) , suggesting that posttranscriptional changes account for the reduced function of the variants. In our previous report, OCT1-G465R was found to have a dramatically reduced expression level on the plasma membrane and an enhanced level in the cytosol (13) . Similarly, in this study, we found that OCT1-R61C had a reduced plasma membrane and enhanced cytosolic presence in comparison to the reference OCT1 ( Figure 7C ). However, there was still significant protein expressed on the membrane for this particular variant, consistent with a reduction in function rather than a loss of function. Studies are underway to investigate the mechanisms responsible for the less common reduced-function nonsynonymous variants and for the common amino acid deletion variant, 420del.
Our clinical studies were focused on 4 of the OCT1 variants, R61C, G410S, 420del, and G465R, all of which exhibited reduced function in the cellular assays. Although no effect of OCT1 genotype on baseline OGTT was observed, significant effects of OCT1 genotype on OGTT were observed after metformin treatment (Figure 8 ). These data strongly suggest that polymorphisms in OCT1 may contribute to reduced therapeutic response to metformin clinically. Interestingly, an increase in glucose half-life in individuals with the OCT1 variants was observed following metformin treatment. This may be related to dynamic differences in metformin levels in the intestine between individuals with OCT1 variants and those without the variants, which may delay and decrease glucose absorption (28) . Further studies are required to explore this interesting phenomenon. Based on the findings from this study, clinical studies in diabetic patients are planned. These further studies may provide a basis for personalizing selection or dosing of metformin based on OCT1 genotype to achieve a maximal benefit for patients.
It is noteworthy that variation in the renal clearance of metformin also has a strong genetic component (29) . In a previous study, genetic variation in OCT2, an OCT1 paralog expressed in abundance in the kidney, was found to alter metformin uptake kinetics (30) . Further clinical studies are thus warranted to examine metformin disposition and response among individuals with different OCT2 genotypes. In addition, our results for metformin may be extended to other drugs that rely on transporters for disposition and/or targeting. For example, oxaliplatin, an important anticancer drug, has recently been well characterized as a substrate of both OCT1 and OCT2 (31) . Patients with different OCT1 or OCT2 genotypes may respond differently to oxaliplatin chemotherapy.
In conclusion, the present study demonstrated that an uptake transporter, OCT1, is required for the antidiabetic efficacy of metformin. The study provides proof of concept that genetic variation in OCT1 may be associated with variation in response to metformin.
Methods
Cell lines and transfection. Clone 9 cells and 3T3-L1 cells were obtained from ATCC. HEK cells (Flp-In-293) were from Invitrogen. The cells were maintained in DMEM of high glucose supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin (UCSF Cell Culture Facility). HEK293 Flp-In-293 cells were transfected with pcDNA5/FRT vector (Invitrogen) containing the reference (HEK-OCT1), mutant human OCT1 cDNA inserts, or empty vector using Lipofectamine 2000 (Invitrogen) or FuGENE 6 (Roche Diagnostics) following the manufacturers' protocols. The OCT1 variants were identified in a previous study (13) and constructed by site-directed mutagenesis from the reference OCT1 cDNA that was cloned into the pcDNA5/FRT vector. EGFP gene was subcloned from the pEGFP-C1 vector (BD Biosciences -Clontech) into the pcDNA5/FRT vector to make the GFP-tagged clone, and the OCT1-R61C variant was then constructed by site-directed mutagenesis (Stratagene). The variants were confirmed through DNA sequencing. After initial transfection, the stable clones were selected and maintained with 75 μg/ml of hygromycin B (Invitrogen). All the cells were grown at 37°C in a humidified atmosphere with 5% CO2/95% air.
Generation of Oct1 -/-mice. Our strategy results in the complete deletion of exons 3-5 and partial deletion of exons 2 and 6 from the murine Oct1 gene (Supplemental Figure 2) . The deleted region is replaced with an IRESLacZ expression cassette and a positive selection cassette containing the neomycin phophotransferase gene driven by the PGK promoter. 5′ and 3′ homology arms (3 kb and 3.5 kb, respectively) were cloned by proofreading PCR from the E14.1 ES cell line and placed on either side of the IRES-lacZ expression cassette and positive selection cassette to generate the targeting construct. Homologous recombination in neomycin-resistant ES cells was confirmed by Southern blotting of SpeI-digested genomic DNA using a 3′ external probe that detects 8-kb and 6-kb bands at the wild-type and targeted locus, respectively. Approximately 1 in 60 G418-resistant clones had undergone homologous recombination. Homologous recombination at the 5′ end was confirmed in these ES cell clones by Southern blot analysis, and homologous recombination of both ends was reconfirmed by PCR using primers external to the targeting construct. Gene targeting was performed in E14.1 ES cells. Three targeted clones were injected into C57BL/6J-derived blastocysts. Male chimaeras were crossed with C57BL/6J females to produce N1F0 offspring, which were subsequently intercrossed to generate (C57BL/6J × 129Ola) N1F1 mice used in initial testing. The mutant mice were crossed with wild-type FBV/N mice for 4 generations to acquire the FVB/N background in this study.
All animals were housed in a virus-free facility on a 12-hour light/ 12-hour dark cycle. We fed the mice either standard mouse food or a highfat diet (diet D12492; Research Diets Inc.). All experiments on mice were approved by the Institutional Animal Care and Use Committee of UCSF.
Primary mouse hepatocytes. Primary hepatocytes were isolated from wildtype and Oct1 -/-mice by the UCSF Liver Center using the standard collagenase method (32) . The cells were plated in Williams E medium supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 0.1% bovine albumin, 0.1 μM dexamethasone, 2 mM l-glutamine, 1 X ITS (100 X Insulin-Transferrin-Selenium; Invitrogen) at a density of 1.5 × 10 5 cells/cm 2 on collagen-coated 6-or 12-well plates (BD). After attachment (2-3 hours), hepatocytes were maintained in the completed medium with 0.25 mg/ml Matrigel (BD Biosciences) for 16 hours followed by regular medium change and drug treatment as described below.
Drug uptake in cells. Clone 9 cells and 3T3-L1 cells were grown on regular plastic 12-and 24-well plates, respectively, and HEK293 cells were grown
Figure 9
Mechanism of metformin action in cells. By controlling the intracellular concentrations, OCT1 is a direct determinant of metformin pharmacological effects in the liver (bold arrow). Passive diffusion and other transporters may account for small portion of hepatic uptake of metformin (dashed arrow). Other transporters may control metformin uptake into other tissues, such as skeletal muscle. Factors such as genetic variation in transporter genes may alter transporter activity and thus metformin response. LKB, alias of serine-threonine kinase 11 (STK11); PGC-1α, peroxisome proliferator activated receptor γ coactivator 1 α; TORC2, target of rapamycin complex 2. Kinetic studies were performed in cells stably expressing reference OCT1 and 4 polymorphisms. These 4 variants were selected for kinetic studies because they exhibited a reduced uptake of metformin, and our goal was to identify the kinetic mechanisms responsible for the reduced uptake. Further, the variants had sufficiently high activities of metformin uptake to obtain accurate kinetic parameters. To obtain the Km and Vmax in the kinetic studies, the data were fit to the Michaelis-Menten equation:
where Vmax is the maximum transport rate, Km is the Michaelis-Menten constant at which the transport rate (V) is one-half the Vmax, and S is the concentration of substrate. GraphPad Prism (version 4.03; GraphPad Software) was used to fit the data.
Glucose uptake in cells. Clone 9 cells and 3T3-L1 cells were grown on 12-well plates to confluence. Two days after confluence, differentiation was initiated in 3T3-L1 cells by adding a medium containing 10 μg/ml insulin, 0.5 mM 1-methyl-3-isobutylxanthine (IMBX), and 1 μM dexamethasone (33) . After 48 hours, the medium was switched back to regular growth medium with 10 μg/ml insulin. The cells were considered satisfactory for studies when at least 90% were differentiated as adipocytes. Twenty-four hours before initiation of the glucose uptake experiments, the medium was changed to serumfree DMEM. The cells were incubated in the medium containing AICAR or metformin for 2 hours before the initiation of glucose uptake. The uptake substrate consisted of 3-O-methyl-d-[1-3 H]glucose ([ 3 H]3-OMG, 4.0 Ci/ mmol; GE HealthCare) plus unlabeled 3-OMG (Sigma-Aldrich). The rate of cytochalasin B-inhibitable 3-OMG uptake was measured as described previously, with minor modifications (34) . After the uptake was terminated by removal of the medium, cells were washed 3 times with ice-cold PBS containing 0.1 mM phloretin. As describe above, the cells were then lysed, and the lysate was used for scintillation counting and protein determination.
Lipid accumulation in 3T3-L1 cells. The 3T3-L1 cells were grown on 6-well plates and were differentiated as described above. AICAR and metformin were added to the medium before, 3 days after, or 5 days after the initiation of differentiation. The intracytoplasmic lipids of differentiated 3T3-L1 cells were stained with oil red O, and the dye was extracted with isopropyl alcohol and quantitated spectrophotometrically, as previously described (33) .
Hepatocyte glucose production. Glucose production in primary mouse hepatocytes was measured by modifying a previously described method (4) . Hepatocytes on collagen-coated 6-well plates (1.5 × 10 5 cell/cm 2 ) were incubated in medium containing Matrigel for 16 hours and then were maintained in the regular medium overnight before the glucose production experiments. For the glucose production experiments, the hepatocytes were incubated in bicarbonate-buffered saline medium containing 10 mM l-lactate, 1 mM pyruvate, and 0.3 μM glucagon (Sigma-Aldrich), with or without metformin (1 mM). The glucose concentration in the medium was measured with the glucose oxidase kit from Sigma-Aldrich.
Animal experiments. Age-matched Oct1 +/+ and Oct1 -/-mice were used in this study. For measurement of tissue distribution of metformin, male mice were fasted for 16 hours, then given an oral gavage dose of 15 mg/kg metformin in saline with 0.2 μCi/g of [ 14 C]metformin and sacrificed 1 hour later. The liver, kidney, heart, spleen, intestine, brain, and femoral muscle were removed immediately. All the tissues were weighed and homogenized with PBS. For the metformin pharmacokinetic study, agematched male mice were fasted for 12 hours, then given an oral gavage dose of 15 mg/kg metformin in saline with 0.2 μCi/g of [ 14 C]metformin and placed in metabolic cages for 24 hours. The food was readministered 4 hours after metformin treatment. Blood samples were collected at specific time points by tail bleeding into heparinized microhematocrit capillary tubes (Fisher Scientific). Urine and feces were collected from tubes attached to the cages. Metformin from tissue and fecal homogenates, blood, and urine were measured with a scintillation counter. The pharmacokinetic parameters were obtained by fitting the raw data using a noncompartmental model with WinNonlin (Pharsight).
To study the in vivo pharmacologic effects of metformin, 6-week-old mice were fed high-fat diets (Diet D12492; Research Diets Inc.) for 8 weeks. Mice were then injected i.p. with 0.9% sterile saline or metformin in 0.9% sterile saline in a manner similar to that described by Shaw et al. (7) . Instead of 250 mg/kg metformin for 3 days, we treated the mice with 50 mg/kg metformin, a dosage approximating maximal doses used to treat diabetic patients, for 5 days. In brief, we collected blood at 12:00 pm (day 0) by tail bleeding from the mice fasted for 18 hours. Food was then resumed, and the mice were injected with metformin or saline at 10:00 am for the next 5 days (days 1-5). At 6:00 pm on day 4, the mice were again fasted. Blood was collected by tail bleeding at 12:00 pm on day 5. After blood collection, the animals were sacrificed and livers rapidly removed by freeze clamping. Plasma was isolated by centrifuging the capillary tubes in microhematocrit centrifuge (Thermo Electron Corp.), and glucose concentration was measured using the glucose oxidase assay kit (Sigma-Aldrich).
Clinical study. The study protocol was reviewed and approved by the Committee on Human Research at UCSF. The subjects were selected from the participants recruited for a large project named SOPHIE (Study of Pharmacogenetics in Ethnically Diverse Populations). At the time of initial enrollment, SOPHIE participants consent to be recontacted about their willingness to participate in subsequent clinical pharmacogenetic research studies. Previously we had identified the ethnic-specific allele frequencies of common variants of OCT1 with reduced or no function (13) . The current clinical study was initially based on these data and designed to assess the effects of OCT1-R61C, -G401S, and -G465R on metformin response. Because these 3 variants mainly occur in individuals with European ancestry, our initial recruitment was limited to healthy male or female European Americans from SOPHIE with wild-type OCT1 or with 1 of the 3 variants. However, during the cellular study, we identified another common OCT1 variant (420del) with reduced metformin but not MPP + uptake ( Figure 7A) . All participants were then genotyped for this polymorphism, too. The characteristics and genotypes for the subjects are summarized in Supplemental Table 2 .
After informed consent was obtained, healthy individuals with known OCT1 genotypes were recruited into this open-label study. Once enrolled, participants were advised to maintain stable activity levels (without periods of strenuous exercise) for 7 days before the formal study. Approximately 7 days prior to the study, subjects met with a dietitian to create a 3-day meal plan that maintained carbohydrate intake at 200-250 g/d. The volunteers recorded their food intake in a 3-day food diary. Consistent and adequate carbohydrate intake would reduce variation in the results of the OGTT, our primary determinant of metformin action in this study. After the initial 3-day diet-maintained period, subjects were admitted (day 0) to the General Clinical Research Center at San Francisco General Hospital, and they remained at this center for the duration of the study. On the following morning (day 1), a 3-hour OGTT (75 g glucose) was conducted. Subjects were then given a doses of 1,000 mg metformin in the evening, followed by a dose of 850 mg on the morning of day 2, two hours before a second OGTT was performed. After the second metformin dose, additional blood samples were collected to determine pharmacokinetics. The plasma glucose concentrations from OGTT before and after metformin treatment were compared in individuals who carry the decreased or nonfunctional OCT1 variants and those who carry the reference alleles.
Subcellular localization studies. The stable cells transfected with GFP-containing vectors described above were seeded at 3 × 10 5 cells per well on 12-mm poly-d-lysine-coated glass coverslips (BD Biosciences -Discovery Labware) in 24-well plates. Cells were stained using the Image-IT LIVE labeling kit (Invitrogen) and fixed in 4% paraformaldehyde according to the manufacturer's protocol. Coverslips were mounted in VECTASHIELD antifade solution (Vector Laboratories) on glass microscope slides and visualized by confocal microscopy using a Zeiss 510 laser scanning microscope.
Immunoblots. Cultured cells were lysed at 4°C for 20 minutes in buffer containing 20 mM Tris, pH 7.4, 1% Triton X-100, 150 mM NaCl, 250 mM sucrose, 50 mM NaF, 2.5 mM Na3P2O4, 2 mM DTT, and 10 mM Na3VO4, with the protease inhibitors dissolved from Complete protease inhibitor cocktail tablet (Roche Applied Science). Liver samples were homogenized in ice-cold lysis buffer using a tissue homogenizer at 4°C for 20 minutes. After centrifugation for 20 minutes at 14,000 g at 4°C, the supernatants were removed for determination of protein content and separated on 10% SDS-PAGE gels. Forty micrograms of proteins from the supernatant were separated and transferred to nitrocellulose membranes. The membranes were blocked overnight at 4°C with Tris-buffered saline with 0.05% Tween 20 and 5% nonfat milk. Immunblotting was performed following standard procedures, and the signals were detected by chemiluminescence reagents (Amersham). Primary antibodies were directed against: AMPKα, AMPKα phosphorylated at Thr172, ACC phosphorylated at Ser79, and β-actin (all from Cell Signaling Technology).
RNA isolation and RT-PCR. Three OCTs (OCT1, OCT2, and OCT3) have been cloned. Metformin is a substrate for OCT1 and OCT2 (10, 11, 35) but not for OCT3 (data not shown). mRNA transcripts of OCT1 and OCT2 in different cell lines were detected by RT-PCR. Cells were cultured in 6-well plates as described above. Total RNA was extracted using TRIzol (Invitrogen). To detect OCT1, we used a One-Step RT-PCR kit (Roche Applied Science). Thirty-five amplification cycles were used in the PCR. To detect OCT2, the first-strand cDNA was synthesized from 1 μg of total RNA using SuperScript III First-Strand Synthesis System kit (Invitrogen), and the resulting cDNAs were used for PCR with 40 amplification cycles. The mouse, rat, and human GAPDHs were used as the expression control for Clone 9 cells, 3T3-L1 cells, and HEK293 cells, respectively. Primers for PCR are provided in Supplemental Table 3 . Real-time PCR was also performed to quantify the transcript levels of human OCT1 or its variants in stable HEK293 cells. cDNA (20 ng) was used in quantitative real-time PCR with the OCT1 probes from ABI and an ABI Prism 7700 machine (Applied Biosystems).
Statistics. Unless otherwise indicated, the data are presented as mean ± SD and from a representative experiment performed in triplicate or quadruple. Unless otherwise indicated, all experiments were repeated at least twice. Student's 1-or 2-tailed t test was applied to analyze data, when appropriate, as indicated in the figure legends. For multiple comparison tests, ANOVA was used followed by Dunnett's procedure. A P value of less than 0.05 was considered significant.
